ABSTRACT: A palladium-catalyzed cascade carbonylative spirolactonization of hydroxycyclopropanols has been developed to efficiently synthesize oxaspirolactones common to many complex natural products of important therapeutic value. The mild reaction conditions, high atom economy, broad substrate scope, and scalability of this new method were highlighted in expedient total syntheses of the Turkish tobacco natural products α-levantanolide and α-levantenolide in two and four steps, respectively. The hydroxycyclopropanol substrates are readily available in one step via a Kulinkovich reaction of the corresponding lactones. Mechanistic studies utilizing high-resolution electrospray ionization mass spectrometry (ESI-MS) identified several key intermediates in the catalytic cycle, as well as those related to catalyst decomposition and competitive pathways.
■ INTRODUCTION
Our ongoing efforts to develop catalytic carbonylation methodologies to build complex, biologically active molecules 1 and to exploit cyclopropanols in ring opening cross coupling reactions 2 inspired endeavors to develop efficient and general oxaspirolactone synthesis by combining carbonylation chemistry 3 and cyclopropanol ring opening chemistry. 4 The oxaspirolactone motif occurs prominently in many bioactive natural products. Some selected representatives are shown in Figure 1 . The triterpenoid phainanoid F (1) 5 was found to have potent immunosuppressive activity. Phomoidride B (also known as CP-263,114, 2) and related analogs 6 were shown to inhibit squalene synthase as well as Ras farnesyl transferase and have attracted plenty of synthetic attention. 7 Massarinolin A (3) 8 and its analogs expansolides A (4) and B (5) 9 have shown potent antibacterial activity against drug resistant strains. Sequoiamonascins (cf. 6, 7) 10 are novel anticancer metabolites isolated from a redwood endophyte. Lancifodilactone G (8), 11 a highly oxygenated nortriterpenoid, exhibits potent anti-HIV activity. Abiespirosides (cf. 9), 12 stemonines (cf. 10), 13 and levantenolides (cf. 11, 12) 14 are representatives of their family members with various biological activities. The latter belong to a class of labdane derivaties that were recently found to inhibit LPS-induced nitric oxide (NO) production and LPS-stimulated production of pro-inflammatory cytokines. 15 While many synthetic methods have been developed for the synthesis of spiroketal systems, 16 less attention has been devoted to the synthesis of oxaspirolactones, and few synthetic methods exist. Early methods rely on special reagents, 17 stoichiometric transition metals to form reactive intermediates, 18 or several protection−deprotection steps to make appropriate hydroxyl ketoacids for acid-promoted cyclizations (cf. 14 → 16, Figure 2A) . 19 Recently, Rodriguez et al. reported a gold-catalyzed coupling reaction to access α-amino oxaspirolactones, albeit with poor diastereoselectivity; 20 Sridhar et al. reported a Lewis-acid promoted ring opening and cyclization of cyclopropanecarboxylates. 21 Notably, White and co-workers have used one substrate to demonstrate that the directed metal (oxo)-promoted C−H hydroxylation with nonheme iron catalysts can be used to synthesize oxaspirolactones. 22 New synthetic methods, particularly catalytic methods, to convert readily available starting materials to oxaspirolactones would be an enabling advance to provide access to this class of bioactive natural products. Moreover, oxaspirolactones can be readily converted to spiroketals (cf. 13), 23 which are an important and challenging structural motif prevalent in many bioactive natural products. 24 We investigated whether a palladium-catalyzed carbonylative spirolactonization of readily available hydroxycyclopropanols would provide an expedient synthesis of oxaspirolactones (cf. 15 → 16, Figure 2B ). A palladium(II)-catalyzed C−C bond cleavage 25 of the strained three-membered ring would provide palladium-homoenolate A from cyclopropanol 15 with a tethered alcohol. The tethered alcohol would then react with the newly generated ketone to form the corresponding ketal B. Carbon monoxide migratory insertion 26 followed by lactonization would provide the desired product 16 and a Pd(0) complex. The latter will be oxidized to the Pd(II) catalyst by an external oxidant.
■ RESULTS Methodology Development. To test our hypothesis, we investigated the model substrate 15a (Table 1) , which is conveniently prepared in one step from the corresponding commercially available lactone using the Kulinkovich reaction. 27 Treatment of 15a with a catalytic amount of Pd(OAc) 2 and benzoquinone (BQ) at 60°C in 1,2-dichloroethane (DCE) in the presence of molecular sieves afforded the desired oxaspirolactone 16a in 13% isolated yield (entry 1 28 The use of this complex resulted in significantly higher yields: the spirolactone 16a was obtained in 85% yield with 0.1 equiv of [Pd(neoc)-(OAc)] 2 (OTf) 2 after 60 h at room temperature. The reaction is faster at an elevated temperature, and carrying out the reaction in the absence of molecular sieves was beneficial.
Notably, oxygen can be used as oxidant instead of BQ, but the yields were lower and other oxidized byproducts were produced in the presence of oxygen (entry 6). A simple combination of Pd(OAc) 2 and neocuproine ligand was not effective (entry 12), which indicates the importance of the cationic nature of the [Pd(neoc)(OAc)] 2 (OTf) 2 catalyst. Though palladium black is produced during the course of the reaction, palladium black is not a competent heterogeneous catalyst for this system (entry 13). After optimization, it was found that carrying out the reaction with 0.05 equiv of [Pd(neoc)(OAc)] 2 (OTf) 2 at 50°C for 18 h afforded an 89% isolated yield of the spirolactone 16a.
With the optimized conditions in hand, the scope and generality of this catalytic oxidative spirolactonization was Table 2 ). The reaction was found to give generally high yields for substrates bearing primary and secondary alcohols, while tertiary alcohols gave moderate yields. Ring size could be varied to give spiro(4.4) (cf. 16a−i), (5.4) (cf. 16j− u), and (6.4) (cf. 16v−w) ring systems. The reaction conditions tolerate a broad range of functional groups such as halogens including fluorine and bromine (16b, 16d, 16f, 16v), N-Boc carbamate (16m), alkenes (16o and 16t), benzoate (16q), and TBS ether (16r). More complex polycyclic systems such as 16h, 16i, 16o, 16q, 16r, 16t, and 16u could be accessed easily and in good yield. Notably, the tricyclic ring system of 16h and 16i resembles the core structure of ascospiroketals 23 (cf. 13, Figure 1 ). In general, the stereoselectivity for the spiro(4.4) ring systems is poor (cf. 16g, 16h, and 16i), which was also reflected in the expansolides (cf. 4, 5), levantenolides (cf. 11, 12), and other natural products containing such a spiro(4.4) lactone systems. However, the stereoselectivity for the spiro(5.4) ring systems is excellent, presumably due to the anomeric effect. The structures of 16r, 16s, 16t, and 16u were determined unambiguously by single crystal X-ray diffraction.
Total Syntheses of α-Levantanolide and α-Levantenolide. The C 12 oxygenated labdanolic diterpenes α-and β-levantenolides (11 and 12, respectively, Figure 1) , 29 isolated from extracts of Turkish tobacco, were selected to test the utility of this protocol. The commercially available (3aR)-(+)-sclareolide (17) provided a convenient optically active starting point, which was converted to unsymmetrical cyclopropanol 18 as a 4:1 mixture of diastereomers in 57% yield (Scheme 1). The catalytic oxidative spirolactonization of cyclopropanol 18 occurred with high regioselectivity to afford a mixture of three diastereomeric oxaspirolactone products in 53% combined yield with 2 mol % of the catalyst. The major diastereomer was shown to be the natural product α-levantanolide (19), 30 which could be isolated in 30% yield.
For cyclopropanol 18, there are two cyclopropane C−C bonds that could potentially be cleaved during the β-carbon elimination process. NMR analysis of the three diastereomeric oxaspirolactone products indicated that only the lesssubstituted cyclopropane C−C bond was cleaved in the ringopening step. In addition to 19, an inseparable mixture of minor products 20 (23% yield) was obtained, which corresponds to two oxaspirolactones of undetermined configuration at C 12 and C 13 in a 4:1 ratio. The mixture of 19 and 20 was subjected to an α-selenylation/oxidative elimination process to provide α-levantenolide 11 as a single product in 46% yield (two steps). None of the corresponding isomer β-levantenolide 12 was observed. The structure of 11 was confirmed by single crystal X-ray diffraction. In summary, the new catalytic carbonylative spirolactonization method has enabled expedient total syntheses of the Turkish tobacco natural products α-levantanolide and α-levantenolide in two and four steps, respectively, from readily available and cheap starting materials. These syntheses are significantly shorter and more efficient than the previous ones 29, 30 and set the stage to access other natural and unnatural analogs for further biological evaluations.
Mechanistic Studies Using High Resolution Electrospray Ionization Mass Spectrometry. One possible mechanism for the catalytic oxidative spirolactonization of 15a is illustrated in Figure 3 . Key steps in this proposed cycle involve β-carbon elimination from the Pd-alkoxide intermediate E to generate the palladium−homoenolate H. Intramolecular cyclization to the lactol I followed by CO insertion would afford the hydroxyacyl intermediate K. To provide support for this mechanism, the catalytic reactions were monitored by high resolution electrospray ionization mass spectrometry (ESI-MS) 31 in the presence of both O 2 and BQ using methods 
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Article described previously. 32 ESI-MS was also performed on the reaction of partially deuterated substrate 15a-d 4 (Figure 4 ) to provide further evidence for structures of side products and reactive intermediates. Collision induced dissociation (CID) coupled tandem mass spectrometry (MS/MS) was applied to key intermediates to gain structural information through fragmentation of trapped ions.
The catalytic reaction of 15a carried out under either one balloon of O 2 or 2 equiv of BQ in DCE for 4−24 h were analyzed by ESI-MS ( Figures S3 and S4) . The major organic ion observed corresponds to the spirolactone 16a (m/z 295.1349). The doubly oxidized byproduct 23 (m/z 265.1223) and the singly oxidized 21 or 22 (m/z 267.1370) were also observed, though these three ions were observed in lower abundance than that corresponding to 16a. Several additional ions were identified that provide some insight on competitive processes and catalyst decomposition mechanisms. An ion at m/z 817.2364 was observed ( Figure  S1 ), corresponding to species G, bearing two neocuproine ligands, the substrate 15a, and CO. The CID spectrum of G ( Figure S8) Figure S13 ). These data suggest that CID of the ion corresponding to G generates ion E by loss of neocuproine and CO. Overall, these data support the assignment of the ion at m/z 817.2364 as the structure G given in Figure 2 with two κ 1 -bound neocuproines. To confirm whether the assigned structure G was reasonable, analogous ESI-MS studies were performed using isopropanol and t-butanol as alcohol substrates ( Figure 5 and Figures S8   and S9 ). Similar to using the cyclopropyl diol substrate, Pd black formation was observed after several minutes of reaction. The dominant ions observed in both reactions were those at m/z 609.1482, G-iPr, and m/z 623.1638, G-tBu, corresponding to Pd alkoxides bearing two neocuproine ligands and one CO ligand, analogous to that of ion G. The CID spectra of these ions (Figures S17 and S18) showed similar fragmentation patterns where CO and neocuproine were lost, consistent with ions derived from a Pd alkoxide bearing two κ 1 -bound neocuproines and one CO. These results further validate the proposed structure of G and support the conclusion that in the presence of excess ligand generated from the formation of Pd black, two κ 1 -bound neocuproines instead of one κ 2 -bound neocuproine occurs. Furthermore, Casati et al. have also observed similar bis-neocuproine palladium halide complexes. 33 The observation of G is independent of the oxidant used and of the reaction time, though it is in higher relative abundance in longer reactions. It is likely that this complex is a dormant state of the catalyst that inhibits the progress of the reaction.
Before Pd black formed, several dimeric Pd intermediates m/z 951.1366, 657.0087, and 690.9705 were observed, corresponding to O, P, and Q ( Figure S1 ). Casati et al. 34 have observed similar Pd(I) dimers with bridging COs, leading us to assign O, P, and Q as ions with dimeric structures bearing two Pd(I)s and bridging COs. The CID spectrum of an intermediate analogous to O shows that neither of the COs are inserted into the substrate because both COs are readily displaced ( Figure S16 ). Of these intermediates, only Q is observed after Pd black forms, albeit in low abundance, indicating that O, P, and Q are not catalytically active and are on a decomposition pathway to form Pd black.
Additionally, at reaction times of 4−24 h, an ion at m/z 595.1208, formulated as the overoxidized species N, was detected under O 2 . Under BQ, N was present but in much smaller abundance; this could be caused by O 2 exposure prior to and during ESI-MS analysis. The atomic composition of this ion indicates that the primary alcohol of the substrate has been oxidized to a carboxylic acid. The CID spectrum of ion N ( Figure S15 ) yields daughter ions corresponding to a palladium hydride and a palladium methyl, indicating that the substrate is C-bound. Loss of CO and CH 2 O 2 fragments indicates that there is a carboxylic acid moiety that cannot be on the ligand. Therefore, the most reasonable structure, N, has the substrate ring opened and C-bound with primary alcohol oxidized to the corresponding carboxylic acid.
The ion observed at m/z 551.0663 ( Figures S6 and S7 ) corresponds to the Pd carboxylate R, 32a,c which was previously shown to be an unproductive species derived from oxidative degradation of the ligand under O 2 . The identification of these overoxidized products under O 2 provides a possible explanation for the lower yields observed when O 2 is used as the terminal oxidant (Table 1) .
■ CONCLUSIONS
In summary, we report a novel Pd-catalyzed cascade reaction of hydroxycyclopropanols for the synthesis of oxaspirolactones of varying substitution and ring size. The reaction features mild conditions and excellent functional group tolerability. Its potential application in complex natural product synthesis was demonstrated by short syntheses of α-levantanolide and α-levantenolide. Mechanistic studies with ESI-MS have detected several key intermediates in the catalytic cycle as well as the potential side reaction pathways.
■ EXPERIMENTAL SECTION
Representative Oxaspirolactone Synthesis Procedure. A stirred solution of 15a (27 mg, 0.1 mmol) and benzoquinone (22 mg, 0.2 mmol) in DCE (3 mL) was evacuated and backfilled three times using a carbon monoxide balloon. [Pd(neoc)(OAc)] 2 (OTf) 2 (5.4 mg, 0.005 mmol) was added in one portion, and the resulting solution was stirred at 50°C for 18 h. The reaction mixture was filtered through a pad of Celite and concentrated under reduced pressure. The resulting black residue was dissolved in methylene chloride and purified by flash chromatography (hexane/ethyl acetate = 20/1 to 4/1) to obtain 16a as a white solid (27 mg, 89%).
Mass Spectrometry Details. Mass spectrometry experiments were conducted on an LTQ-Orbitrap XL instrument, with a resolution 100 000 at m/z 400 and mass accuracy of less than 5 ppm, manufactured by Thermo Fisher Scientific (San Jose, CA). Collision induced dissociation (CID) spectra were taken in tandem MS mode by colliding desired ions with helium. Data were preliminarily analyzed in Thermo Fisher's Qual Browser tool, and then exported as text files for further processing in MatLab. Additional compound identification was performed using Cerno MassWorks.
General Procedures for ESI Experiments. Procedure Using Benzoquinone as Oxidant: To a 1 dram vial with septum cap was added substrate (0.03 mmol) and benzoquinone (6.4 mg, 0.06 mmol). One milliliter of DCE (dried over molecular sieves) was added, and the reaction mixture was stirred until all solids dissolved. A balloon of CO was bubbled through the solution for 10 min; then [Pd(neoc)-(OAc)] 2 (OTf) 2 (1.6 mg, 0.003 mmol) was added as a solid while stirring vigorously. The reaction mixture was stirred at room temperature. Aliquots were removed via syringe and filtered through a 22 μm PVDF syringe filter. The resultant solution was diluted 100× into either dichloromethane or acetonitrile and immediately used to collect ESI-MS data.
Procedure Using O 2 as Oxidant: Same as above but omitting BQ, and a separate balloon of O 2 is added at the same time as the balloon of CO is added.
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